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In TeV scale left–right symmetric models, new dominant predictions to neutrinoless double beta decay
and light neutrino masses are in mutual contradiction because of large contribution to the latter
through popular seesaw mechanisms. We show that in a class of left–right models with high-scale
parity restoration, these results coexist without any contravention with neutrino oscillation data and
the relevant formula for light neutrino masses is obtained via gauged inverse seesaw mechanism. The
most dominant contribution to the double beta decay is shown to be via W−L –W
−
R mediation involving
both light and heavy neutrino exchanges, and the model predictions are found to discriminate whether
the Dirac neutrino mass is of quark–lepton symmetric origin or without it. We also discuss associated
lepton ﬂavor violating decays.
© 2012 Elsevier B.V.Open access under CC BY license.1. Introduction
Evidences of tiny neutrino masses uncovered by the solar, at-
mospheric, and reactor neutrino oscillation experiments while call-
ing for physics beyond the Standard Model (SM) might be strongly
hinting at the fundamental nature of the particle i.e. whether Dirac
[1] or Majorana [2]. In fact popular theories based upon seesaw
mechanisms like type-I seesaw [3], type-II [4,5], type-III [6,7], in-
verse seesaw [8–11], and others [14–16,18] come out with nat-
ural predictions of light Majorana neutrino masses. With lepton
number violating mass insertion term by two units, conﬁrma-
tion of any events at the experimental search programmes for
the neutrinoless double beta decay (0ν2β) would not only in-
dicate the Majorana nature of the particles, but also it would
strongly support the underlying seesaw mechanism for their mass
generation. There have been attempts [19–23] on the experimen-
tal side to observe such a rare process, even with a present
claim [24] while others are trying to improve the life time for
this 0ν2β process [25–27]. So far, the Heidelberg–Moscow exper-
iment using 76Ge [24] has given the best limit on the half life,
T1/2 < 3 × 1025 yrs, which gives an upper bound on effective
neutrino mass, meff  0.21–0.53 eV. There are several interest-
ing discussions and models using different seesaw mechanisms
[28–37] exploring possible non-standard contributions to 0ν2β
transition.
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Open access under CC BY license.Another important mysterious phenomenon of SM, namely, the
origin of parity violation as monopoly of weak interactions, has
been suggested to be having its underlying origin in the left–right
(LR) symmetric interactions [38] which could be through the exis-
tence of mirror particles [39] of the SM or via left–right symmetric
gauge theories [40,41]. A very attractive aspect of LR gauge theory
is its potential to explain the origin of parity (P ) and CP violations
in weak interactions and small neutrino masses. If left–right gauge
theory has to make any signiﬁcant impact on weak interaction
phenomenology, the associated W±R and ZR boson masses have
to be low. While current searches at the Large Hadron Collider re-
stricts the lower bound on the scale of the RH gauge boson masses
(MR ) to be O(1) TeV, KL − KS mass difference gives MR > 2.5 TeV
[42]. Such a low scale WR boson associated with right-handed
charged currents can give additional contributions to 0ν2β and
can be also accessible to LHC and future accelerator searches. As
a result of this, there can be various non-standard contributions to
0ν2β in LR gauge theories mediated by: (1) two WL gauge bosons
(associated with left-handed currents), (2) two WR gauge bosons
(associated with right-handed currents), (3) one WL and one WR
gauge boson at each vertex (mixed diagram) accompanied by both
light and heavy neutrinos [32,33]. In addition, there could be other
contributions to 0ν2β in LR model due to doubly charged Higgs
scalar exchanges where Majorana neutrino mass insertion has no
role to play.1 It is important to note here that the contributions to
1 Noting that the doubly charged Higgs propagator provides additional damping
factor to 0νββ amplitude, we ignore such contributions for suﬃciently large values
of the Higgs mass.
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ered to be sub-dominant [43], although this has been taken into
account in the inverse process e−e− → W−L W−R in Ref. [44] for
linear collider searches.
The natural TeV mass scale for RH Majorana neutrinos in con-
ventional low scale LR gauge models emphasizing upon light neu-
trino mass generation mechanisms however predicts very large
contribution to the light neutrino masses through canonical or
type-II seesaw mechanisms [4,40,41]. Thus, it turns out that new
dominant contributions to observable neutrinoless double beta de-
cay (0ν2β) cannot coexist with the experimentally determined
tiny neutrino masses [45]. Alternatively, interesting proposals have
been advanced where type-II seesaw dominance [32,33] has been
invoked by suppressing Dirac neutrino mass matrix in which case
LR gauge theories may have only sub-dominant roles to play in
representing charged fermion masses. The purpose of this Letter is
two fold: while showing that a crossed diagram with simultaneous
W−L and W
−
R exchanges predicts the most dominant contribution
to the (0ν2β), we provide a class of TeV scale left–right gauge
theories where this is implemented without any suppression of
naturally permitted Dirac neutrino masses and without any con-
travention with the neutrino oscillation data. The neutrino mass
generation mechanism in these models turns out to be through
gauged inverse seesaw.
2. The model
In conventional LR gauge theories, the type-I [3] and type-II
seesaw [4] contributions to light neutrino masses are
mIν ∼ −MD
1
MN
MTD , m
II
ν = f vL
where the Dirac neutrino mass matrix MD is similar to the charge
lepton mass matrix, or the up-quark mass matrix if the model
has its origin from Pati–Salam symmetry. The induced triplet
vacuum expectation value is vL = λeffv2wk/ML . Then the nat-
ural seesaw scales consistent with neutrino oscillation data are
MN  (1011–1014) GeV and the TeV scale LR gauge models rel-
evant for 0ν2β are ruled out. We now construct a class of LR
gauge models where W±R and MN are allowed near the TeV scale
which contribute predominantly to 0ν2β , yet the model does not
upset small neutrino mass predictions consistent with the neu-
trino oscillation data. In our model although the parity restora-
tion scale is large, yet the asymmetric left–right (LR) gauge theory
SU(2)L × SU(2)R × U (1)B−L × SU(3)C [≡ G2213] (g2L = g2R ) sur-
vives down to the TeV scale subsequent to the D-parity break-
ing [46]. To implement the idea we use the set of Higgs scalars
with their gauge quantum numbers under G2213 σ(1,1,0,1) ⊕
L(3,1,−2,1)⊕R (1,3,−2,1),χL(2,1,−1,1)⊕χR (1,2,−1,1)⊕
Φ(2,2,0,1) where σ is D-parity odd. It is well known that by
assigning large parity breaking vacuum expectation value (vev);
〈σ 〉 ∼ MP , the model gives all the left-handed (LH) Higgs scalars
to have heavy masses i.e. O(MP ) while those of the right-handed
(RH) scalars can have much lighter masses near the TeV scale
with M2R 
 (μ2R − λ〈σ 〉M) and M2χR 
 (μ2χR − λ′〈σ 〉M) where
ML ∼ MχL ∼ M ∼ O(MP ). In fact MR and MχR can have any
value below MP depending upon the degree of ﬁne tuning in λ
and λ′ . The asymmetry in the Higgs sector at the energy scales be-
low μ ∼ MP causes asymmetry in the gauge couplings, g2L = g2R
for the surviving left–right gauge group. Alternatively, the asym-
metric LR model may emerge from high scale Pati–Salam symme-
try SU(2)L × SU(2)R × SU(4)C × D (g2L = g2R ) with similar choice
on the Higgs scalars. In particular, we examine the TeV scale phe-
nomenology for neutrino masses and 0ν2β with the following two
possible cases of symmetry breaking:A:
SU(2)L × SU(2)R × U (1)(B−L) × SU(3)C × D
[≡ G2213D ] (g2L = g2R)
MP−→ SU(2)L × SU(2)R × U (1)(B−L) × SU(3)C
[≡ G2213] (g2L = g2R)
MR−→ GSM . (1)
B:
SU(2)L × SU(2)R × SU(4)C × D
[≡ G224D ] (g2L = g2R)
MP−→ SU(2)L × SU(2)R × U (1)(B−L) × SU(3)C
[≡ G2213] (g2L = g2R)
MR−→ GSM . (2)
One important difference between the two scenarios is that in
model-A, the Dirac neutrino mass matrix is similar to the charged
lepton mass matrix while in model-B, it is similar to up-quark
mass matrix.
In addition to the standard 16-fermions of each generation,
we require one additional fermion singlet for each generation (Si ,
i = 1,2,3) which is essential for the implementation of inverse
seesaw mechanism [9] or, the so-called extended seesaw mecha-
nism [16–18]. The renormalizable Yukawa Lagrangian near the TeV
scale with asymmetric LR gauge theory then turns out to be
LYuk = Y 	ψ LψRΦ + fψcRψRR + Fψ R SχR
+ STμS S + h.c. (3)
where μS is the singlet fermion mass matrix. We break the LR
gauge theory spontaneously to SM by the vev 〈0R〉 = vR (
 MR )
while the vev 〈χ0R 〉 = vχ ( MR ) is used to generate the N–S mix-
ing. The SM breaks to the low energy symmetry by the VEV of
the SM Higgs doublet in Φ . With this structure of the Yukawa La-
grangian, the full (9× 9) neutrino mass matrix in the (νL , NR , SL )
basis is given by
M=
⎛
⎝ 0 MD 0MTD MN M
0 MT μS
⎞
⎠ (4)
where M = F vχ , MD = Y 	〈Φ〉, and MN = f v R . Here MD and M
are 3 × 3 complex matrices in ﬂavor space and μS is the 3 × 3
complex symmetric matrix.
For implementation of the light neutrino mass generation
mechanism the desired hierarchy MN  M  MD  μS with a
ﬁne tuned small lepton number violating parameter μS can be
easily satisﬁed in the model after spontaneous symmetry break-
ing. Since the right-handed neutrinos are assumed to be larger
than other mass scales, they eventually decouple at low scales
[16–18]. It is important to note that this extended seesaw sce-
nario is very different from the inverse seesaw scenario [8,9,11]
due to the simultaneous presence of both the heavy and small
lepton number violating scales MN and μS . Complete block diag-
onalization of Eq. (4) gives the usual inverse seesaw formula for
light neutrino masses
mν =
(
MD
)
μS
(
MD
)T
, (5)M M
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−
R mediation in the mixed Feynman diagram with heavy and light neutrino exchanges described in the text. The
cross on the gauge boson line in the right panel represents left–right mixing ζLR .as well as the heavy neutrino mass matrices: mN 
 MN and mS 

M 1MN M
T . It is important to note that with MN  M  MD , μS ,
the type-I seesaw contribution to the light neutrino mass matrix,
i.e. −MD 1MN MTD cancels out after complete block diagonalization.
Also these block diagonal mass matrices mν , mS and mN can fur-
ther be diagonalized to give physical masses for all neutral leptons
by respective unitary mixing matrices: Uν , US and UN where
U †νmνU
∗
ν = mˆν = diag[mν1 ,mν2 ,mν3 ],
U †SmSU
∗
S = mˆS = diag[mS1 ,mS2 ,mS3 ],
U †NmNU
∗
N = mˆN = diag[mN1 ,mN2 ,mN3 ]. (6)
The relevant charged current interactions of leptons for this TeV
scale LR gauge theory in the ﬂavor basis is given by
LCC = g√
2
∑
α=e,μ,τ
[
	αLγμναLW
μ
L + 	αRγμNαRWμR
]+ h.c.
where, in terms of mass eigenstates (νmi , Sm j , Nmk ) [34],
ναL ∼Nαiνmi + Uν Sα j Sm j + UνNαk Nmk ,
NαR ∼ VNναi νmi + VNSα j Sm j +RαkNmk ,
Nαi =
{(
1− 1
2
X X†
)
Uν
}
αi
,
Rαk =
{(
1− 1
2
X ′′ †X ′′
)
UN
}
αk
,
Uν Sα j = {−XUS}α j, UνNαk =
{−X ′UN}αk,
VNναi =
{
X†
μS
M
Uν
}
αi
, VNSα j =
{−X ′′ †US}α j . (7)
The non-unitarity matrices in our model are X = MDM , X ′ = MDMN ,
and X ′′ = MMN due to ν–S , ν–N , and S–N mixings, respectively.
3. Neutrinoless double beta decay
It is clear from the charged current interaction of this left–right
gauge theory that, in addition to the standard contribution to 0νββ
via light Majorana neutrino exchange, there are non-standard con-
tributions due to the exchanges of heavy RH Majorana neutrinos
and heavy sterile Majorana neutrinos. In addition, the extended
seesaw ansatz manifests in non-standard contributions to lepton
ﬂavor violations and non-unitarity effects. In particular, we show
that a dominant contribution to 0νββ arises due to mixed dia-
grams with simultaneous mediation of W−L and W
−
R bosons ac-
companied by light left-handed neutrinos and heavy right-handedMajorana neutrinos [33,44] as shown in Fig. 1. We present analytic
expressions for two most dominant contributions to the effective
mass term and compare them with the standard contribution,
• meeν : which is analogous to the standard contributions, in this
model,
meeν =N 2eimνi , (8)
• meeN : which originates from the mediation of two WR ’s with
the exchange of heavy RH Majorana neutrinos,
meeN = p2
M4WL
M4WR
(Rei)2
MNi
, (9)
• meeνN : which originates from simultaneous mediation of W−L
and W−R and involves the Dirac mass matrix MD
meeνN 
 p
(
ζLR +
M2WL
M2WR
)
Nei
(
M−1N MDUN
)
ei, (10)
where, in our model, ζLR = LR mixing parameter  10−4.
4. Results and discussions
It is clear from Eqs. (5) and (7) that the mass matrices MD , M ,
and MN are essential for predictions of light neutrino masses and
0νββ . At ﬁrst assuming the LR gauge theory to be having its high
scale origin from Pati–Salam symmetry and neglecting the renor-
malization group corrections, the Dirac neutrino mass matrix is
approximated as the up-type quark mass matrix via the CKM ma-
trix and the running masses of the three up-type quarks, namely,
mu = 2.33 MeV, mc = 1.275 GeV, and mt = 160 GeV [47]
MD ∼ VCKMMˆuV TCKM
=
(
0.067− 0.004i 0.302− 0.022i 0.55− 0.53i
0.302− 0.022i 1.48− 0.0i 6.534− 0.0009i
0.55− 0.53i 6.534− 0.0009i 159.72+ 0.0i.
)
GeV.
(11)
Under the condition MN  M  MD , the non-unitarity contribu-
tion of the extended seesaw model is mainly due to η 
 12 X X†,
giving rise to ηαβ = 12
∑3
k=1
MDαk M
∗
Dβk
M2k
where we have assumed for
the sake of simplicity: M = diag[M1,M2,M3]. Then by saturating
the available bound on |ηττ | 2.7× 10−3 [12,48], we obtain
1
2
[
0.5805
M2
+ 42.72
M2
+ 25510.7
M2
]
= 2.7× 10−3 (12)1 2 3
1410 M.K. Parida, S. Patra / Physics Letters B 718 (2013) 1407–1412Fig. 2. Contributions to effective mass meeνN vs MWR using MD similar to the up-
quark mass matrix (upper curve) and MD similar to charged lepton mass matrix
(lower curve).
where the numbers inside the square bracket are in GeV2. We note
that the above relation can be satisﬁed in the partial degenerate
case, M1 = M2  100 GeV, and M3  2.2 TeV and also in the non-
degenerate case, M1  10 GeV, M2  50 GeV and M3  2.2 TeV,
but in the degenerate case, M1 = M2 = M3 = 2.2 TeV.
4.1. Determination of μS from neutrino oscillation data
Inverting the neutrino mass formula given in Eq. (5) and using
Eq. (7) and our model parameters, we obtain
μS(GeV)
= X−1NmˆνN T
(
XT
)−1
=
(
0.01147+ 0.01i −0.0027− 0.0024i 0.0007+ 0.002i
−0.0027− 0.0024i 0.0006+ 0.0005i −0.0001− 0.0004i
0.0007+ 0.002i −0.0001− 0.0004i −0.00004+ 0.0003i
)
where we have used the hierarchical neutrino masses mˆdiagν =
diag(0.00127 eV,0.00885 eV,0.0495 eV) and global ﬁt to the neu-
trino oscillation data including recent values of θ13 = 9.0◦ and
δ = 0.8π [45].
Thus, in the inverse seesaw approach, the light neutrino masses
and large neutrino mixings including non-zero values of θ13 can
be easily ﬁtted through the elements of the μS matrix which may
have interesting consequences on leptogenesis [13]. Although we
have explicitly ﬁtted the hierarchical light neutrino masses, simi-
lar ﬁts can be obtained in the inverted hierarchical as well as the
quasi-degenerate cases with corresponding elements of μS . In the
case of MD being similar to charged lepton mass matrix which
holds true in conventional LR gauge theories [4,41] neutrino oscil-
lation data are similarly ﬁtted with the corresponding μS matrix.
4.2. Neutrinoless double beta decay predictions
As explained in Eqs. (7)–(10), the mixing matrices X = MDM ,
X ′ = MDMN , and X ′′ = MMN all contribute to non-standard predic-
tions of 0νββ amplitude in the present left–right gauge theory.
We have assumed the RH heavy Majorana neutrino mass matrix
to be diagonal, MN = diag[MN1 ,MN2 ,MN3 ]. Using the model pa-
rameters given in Eq. (11) for MD , M = diag[150,150,2500] GeV,
MN = diag[5000,5000,10000] GeV, Uν = UPMNS, UN = 13×3, and
US = 13×3, we have derived the relevant elements of the mixing
matrices Nei , Rek , Uν Sej , UνNek , VNνei , and VNSek ,
Ne1 = 0.819, Ne2 = 0.552, Ne3 = 0.156,
Re1 = 0.997, Re2 = 0.0, Re3 = 0.0,
Uν Se1 = 0.00045, Uν Se2 = 0.002, Uν Se3 = 0.0002,
UνN = 0.00001, UνN = 0.00005, UνN = 0.000007,e1 e2 e3Fig. 3. Contributions to effective mass meeν and m
ee
N as a function of MWR . The
slanting line represents our sub-dominant contribution due to WR–WR mediation.
For comparison, the standard contributions with hierarchical neutrino masses (the
bottom horizontal line), inverted hierarchical masses (the middle horizontal line), and
quasi-degenerate masses (the top horizontal line) are also given.
∣∣UNν ∣∣ 10−9, and ∣∣UNS ∣∣ 10−1. (13)
With |p| = 100 MeV, MWR = 5 TeV and using Eqs. (7)–(10), we
predict the effective mass for 0νββ transition rate for hierarchical
light neutrino masses,
∣∣meeν ∣∣=N 2e1mν1 +N 2e2mν2 +N 2e3mν3 = 0.00157 eV, (14)∣∣meeN ∣∣= 6× 10−4 eV, (15)∣∣meeνN ∣∣∼ 1 eV. (16)
Our numerical predictions are shown in Fig. 2 as a function of WR
mass. With Dirac neutrino mass matrix having quark–lepton sym-
metric origin, the most dominant contribution due to W−L –W
−
R
mediation is found to be meeνN 
 1 eV and 0.04 eV for MWR =
5 TeV, and 10 TeV, respectively. These predictions are reduced
to meeνN 
 0.07 eV and 0.03 eV for the corresponding values of
the MWR when the Dirac neutrino mass matrix is similar to the
charged lepton mass matrix. In other words, we predict that the
0νββ process would be able to discriminate LR gauge models
having their roots in quark–lepton symmetry. We note that the
sub-dominant contribution due to W−R –W
−
R mediation given in
Eq. (15) is suppressed as compared to the standard contribution
due to W−L –W
−
L mediation given in Eq. (14) for the same MWR
masses shown in Fig. 3.
For the sake of comparison with the prediction for the in-
verse 0νββ processes in the golden channel e−e− → W−L W−R
[44] which might be phenomenologically important for Linear Col-
lider searches we used MWR  2.5 TeV [42] to determine ηλ =
M2WL
M2WR
Nei(M−1N MDUN )ei which enters in cross-section for this pro-
cess. Our model predicts this parameter to be 8.6× 10−8 whereas
the limit on this parameter is ηλ  9× 10−7 derived from the cur-
rent experimental limit on 0νββ transition rate.
4.3. Lepton ﬂavor violation
Besides the neutrinoless double beta decay process, the light
and heavy neutrinos in this model can actively mediate different
lepton ﬂavor violating processes, μ → e + γ , τ → e + γ , and τ →
μ+γ which are currently under active experimental investigation.
The dominant contributions are mainly through the exchange of
the six heavy neutrinos [15] with branching ratio
Br(	α → 	β + γ ) =
α3ws
2
wm
5
	α
256π2M4WΓα
∣∣GNαβ + G Sαβ ∣∣2 (17)
where
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∑
k
(UνN)
αk
(UνN)∗
βkF
( m2Nk
M2WL
)
,
G Sαβ =
∑
j
(Uν S)
α j
(Uν S)∗
β jF
( m2S j
M2WL
)
,
F(x) = −2x
3 + 5x2 − x
4(1− x)3 −
3x3 ln x
2(1− x)4 .
Within the allowed range of model parameters MN  M  MD , it
is clear that the ﬁrst term in Eq. (17) is negligible. The second term
involving the heavy sterile neutrinos gives dominant contributions
which is proportional to
∑
j(Uν S)α j(Uν S)∗β j 
 2ηαβ and our model
predictions are
Br(μ → e + γ ) = 1.36× 10−15,
Br(τ → e + γ ) = 1.06× 10−13,
Br(τ → μ + γ ) = 3.17× 10−12. (18)
Noting that the present experimental limit at 90% C.L., Br(μ → e+
γ ) 1.2×10−11 [49] is almost three orders of magnitude stronger
than the limits Br(τ → e + γ )  3.3 × 10−8 or Br(τ → μ + γ ) 
4.4×10−8 [50], appears to justify why the limit on |ηeμ| is at least
one orders of magnitude better than the ones on |ηeτ | and |ημτ |.
The projected reach of future sensitivities of ongoing searches are
Br(τ → e + γ )  10−9, Br(τ → μ + γ )  10−9, and Br(μ → e +
γ )  10−18 [51,52] throughout which the model predictions can
be easily veriﬁed or falsiﬁed.
5. Conclusion
We have shown that in a class of left–right gauge theories, the
light neutrino masses naturally arise though gauged inverse seesaw
mechanism consistent with the current neutrino oscillation data.
The associated TeV scale masses of W±R and MN can give domi-
nant non-standard contributions to neutrinoless double beta decay
which might be important for experimental searches. Speciﬁcally,
we have demonstrated that the mixed diagram, via simultaneous
mediation of W−L and W
−
R accompanied by the naturally pre-
dicted Dirac neutrino mass terms, gives the dominant contribution
to 0νββ rate. Also this mixed diagram has rich phenomenologi-
cal implication at ILC for the detection of the inverse process like
e−e− → W−L W−R . We have explicitly shown that this Dirac neu-
trino mass matrix could be similar to the up quark mass matrix
which may have its high scale quark–lepton symmetric origin, or it
may be similar to the charged lepton mass matrix expected from
left–right gauge theory. The effective mass prediction in the former
case being nearly 10 times larger than the latter case, we suggest
that 0νββ signatures may probe high scale quark–lepton symme-
try. As in our approach it is not necessary to ﬁne tune the Dirac
mass matrices, the left–right models could serve as promising the-
ories for charged fermion masses. The TeV scale masses of W±R
and ZR bosons are accessible to ongoing searches at LHC [53]. The
predicted branching ratios for lepton ﬂavor violating decays, being
closer to the current experimental search limits, could be used to
verify or falsify the left–right model framework considered in this
Letter.
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